Modeling and observations have shown that energy diffusion by chorus waves is an important source of acceleration of electrons to relativistic energies. By performing long-term simulations using the three-dimensional Versatile Electron Radiation Belt code, in this study, we test how the latitudinal dependence of chorus waves can affect the dynamics of the radiation belt electrons. Results show that the variability of chorus waves at high latitudes is critical for modeling of megaelectron volt (MeV) electrons. We show that, depending on the latitudinal distribution of chorus waves under different geomagnetic conditions, they cannot only produce a net acceleration but also a net loss of MeV electrons. Decrease in high-latitude chorus waves can tip the balance between acceleration and loss toward acceleration, or alternatively, the increase in high-latitude waves can result in a net loss of MeV electrons. Variations in high-latitude chorus may account for some of the variability of MeV electrons.
Introduction
Whistler-mode chorus waves are suggested to play an important role in the dynamic evolution of radiation belt electrons (e.g., Horne & Thorne, 1998 Millan & Baker, 2012; Shprits et al., 2008; Summers et al., 1998; Thorne, 2010; Xiao et al., 2010 Xiao et al., , 2015 . In recent years, the effect of chorus waves on net acceleration of electrons in radiation belts has been studied extensively (e.g., Horne & Thorne, 1998; Reeves et al., 2013 ; Thorne et al., 2013; Xiao et al., 2014) . A number of studies concluded that the net effect of chorus waves on the radiation belt electrons at megaelectron volt (MeV) energies is acceleration (e.g., Horne et al., 2005; Li et al., 2007; Shprits et al., 2008; Su et al., 2014; Thorne, 2010; Tu et al., 2013; Turner et al., 2014; Xiao et al., 2009 ). However, depending on the latitudinal distribution of chorus waves, chorus waves can cause not only acceleration but also loss of relativistic electrons (e.g., . Shprits et al. (2006) and Thorne et al. (2005) suggested that chorus waves confined to low latitudes cannot produce significant loss of MeV electrons. However, when chorus waves with the same spectral properties extend to higher geomagnetic latitudes, for example, above 30 • , they are capable of producing very fast loss of the relativistic electrons on the scale of 1 day. Thus, the latitudinal distribution of chorus waves plays an important role in the dynamic evolution of radiation belt electrons. To evaluate the net effect of chorus waves on MeV electrons, one needs to solve the full 3-D Fokker-Planck equation which requires computing bounceand magnetic local time (MLT)-averaged diffusion coefficients due to chorus waves. Diffusion of particles depends on gradients in phase space and diffusion coefficients (e.g., Allison et al., 2019) . Computation of diffusion coefficients needs chorus wave models depending on MLT, latitude, L, and geomagnetic conditions . Early observations showed that chorus waves mainly occur in two magnetic latitude regions: one near the equator (| | ≤ 15 • ) on the nightside and the other at higher latitudes (| | > 15 • ) on the dayside (e.g., Tsurutani & Smith, 1977) . Recent observations show that chorus waves on the dayside can extend to latitudes up to 30 • and possibly beyond (e.g., Agapitov et al., 2015 Agapitov et al., , 2018 Bunch et al., 2013; Meredith et al., 2003 Meredith et al., , 2004 Santolík et al., 2014) . A number of statistical models of chorus waves have been recently developed (e.g., Li et al., 2007; Horne et al., 2013; Meredith et al., 2012) . Using more than 5 years of Van Allen Probe data, the functional dependences of chorus waves on L, MLT, magnetic latitude, and geomagnetic condition have been developed (Wang et al., 2019) . However, the measurements from Van Allen Probes are limited to low geomagnetic latitudes (< 20 • ). Combining 10 years of Cluster (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) the coverage of Cluster data in the inner magnetosphere is limited as satellites spend most of their time in the outer magnetosphere. The wave instruments on board the Van Allen Probes and Cluster have a different resolution, sensitivity, and frequency range, which result in more uncertainties for the modeling work.
In this study, to investigate the sensitivity of the distribution of high-latitude (20-45 • ) chorus waves on the dynamic evolution of the radiation belt electrons at MeV energies, we perform 3-D simulations, including pitch angle, energy, and mixed diffusion, for 1 year, from 1 October 2012 to 1 October 2013, which includes multiple storm time and non-storm time periods. Recent studies show that electromagnetic ion cyclotron (EMIC) waves play an important role in the dynamics of multi-MeV electrons (with energies higher than several MeV), while electrons with lower energy (below ∼1 MeV) are unaffected by EMIC waves (e.g., Drozdov et al., 2015; Kersten et al., 2014; Shprits et al., 2013 Shprits et al., , 2016 Shprits et al., , 2017 Wang et al., 2014; Usanova et al., 2014) . By taking the hot plasma effects into account, Cao et al. (2017) shows that the electron minimum resonant energy for cyclotron resonant interactions with EMIC waves is typically larger than 2 MeV. To avoid the potential contribution of the EMIC waves, in our study, we focus on the effect of chorus waves on the dynamic evolution of relativistic electrons at 0.9 MeV energy. In section 2, we describe the three-dimensional Versatile Electron Radiation Belt (VERB-3D) code and the parameters adopted for the numerical simulations. In section 3, we perform two test simulations and compare the results with satellite observations. One of the simulations adopts chorus waves at absolute geomagnetic latitude lower than 20 • , and the other simulation uses chorus waves extending to 45 • . We summarize and discuss our results and outline a road map for future studies in section 4.
Model Description
The dynamic evolution of electrons in the radiation belts can be described by the bounce-and MLT-averaged Fokker-Planck equation (e.g., Schulz & Lanzerotti, 1974) :
where f is the electron phase space density (PSD); and J are the first and second adiabatic invariants; p is the relativistic momentum; 0 is the equatorial pitch angle of the particles, and T( 0 ) is a function related to the bounce frequency, which can be approximated as (Lenchek & Singer, 1962) T( 0 ) = 1.3802 − 0.3198(sin 0 + sin 1∕2 0 ).
(2) D L * L * , D pp , D p 0 , D 0 p , and D 0 0 in equation (1) are the bounce-and MLT-averaged scattering rates (or diffusion coefficients) due to resonant wave-particle interactions. In the following part of this section, we describe how the diffusion coefficients are calculated, the methodology we used in the simulations, and the method we adopted to validate our simulation results against the satellite observations.
Diffusion Coefficients
The radial diffusion coefficient due to the interaction with ultralow-frequency waves is adopted from Brautigam and Albert (2000) :
This parameterization is valid for Kp ≤ 6. However, in this study, we extrapolate it and use it for all Kp values. Similar results are obtained using the radial diffusion coefficients from Ozeke et al. (2014;  not shown in the manuscript). Bounce-and MLT-averaged diffusion coefficients D pp , D p 0 , D 0 p , and D 0 0 are calculated using the Full Diffusion Code (FDC; Orlova & Shprits, 2011; Ni et al., 2008; ). For the wave normal angle ( ) distribution of chorus waves, we use a frequently adopted model, that is, lc = 0 • , uc = 45 • , m = 0 • , and w = 30 • , where m is the peak value of wave normal angle, w is the width of the angle, and lc and uc are the lower and upper cutoff to the wave normal angle distribution, outside which the wave power is 0 (e.g., Kim et al., 2012; Thorne et al., 2013) . Recent studies suggest that highly oblique chorus waves with wave normal angle near 70 • may contribute to the dynamic evolution of Geophysical Research Letters 10.1029/2019GL082681 radiation belt electrons (e.g., Agapitov et al., 2018; Artemyev et al., 2016) . However, Santolík et al. (2014) found that intense chorus waves are mostly field aligned. Investigating the effect of highly oblique chorus waves is beyond the scope of current study and will be a topic in the future work. For the amplitude and frequency distribution of chorus waves at low latitudes, we employ the newly developed model by Wang et al. (2019) based on more than 5 years of Van Allen Probe data. For high-latitude chorus waves, we extend chorus waves up to 45 • latitude during geomagnetic quiet times, assuming that amplitudes of chorus waves at latitudes from 20 • to 45 • are the same as the amplitudes at 20 • latitude, which is consistent with the observations from Cluster (Agapitov et al., 2018) . The chorus wave model from Wang et al. (2019) depends on L, MLT, magnetic latitude, and geomagnetic conditions. On the nightside, chorus waves are confined to low latitudes, and the model provides amplitude of chorus waves at 20 • latitude close to 0 pT (see their Figures  11 and 12 ). Thus, nightside chorus waves are confined to low latitudes in our simulations. On the dayside, amplitudes of lower-band chorus waves at low latitudes increase with latitude (see Figure 12i in Wang et al., 2019) . Therefore, only chorus waves on the dayside are extended to high latitudes. For chorus waves at high latitudes, as shown in Figures 5-7 in Agapitov et al. (2018) , the root-mean-square values of chorus wave amplitude remain relatively similar at high latitudes in the same MLT/L sector and geomagnetic conditions. Following their study, for high-latitude chorus waves, we also divide geomagnetic conditions to three levels: Kp > 4, 2≤ Kp ≤ 4, and Kp < 2. During each geomagnetic level, it can be seen from their Figure 5 that amplitudes of chorus waves on the dayside are relatively similar. Thus, we calculate diffusion coefficients of chorus waves at high latitudes in each MLT and L when Kp = 4 and implement these diffusion coefficients for high-latitude chorus waves when 2 ≤ Kp ≤ 4. MLT-and bounce-averaged diffusion coefficients due to low-and high-latitude chorus waves at L = 6, Kp = 4 are shown in supporting information Figure S1 . When Kp is higher than 4, it is assumed that chorus waves are strongly damped at high latitudes during storms and are not present at latitudes above 20 • . This assumption is based on the consideration that the damping of chorus waves at high latitudes could increase with geomagnetic disturbances . During quiet times when Kp < 2, we scale the calculated diffusion coefficients for high-latitude chorus waves with a factor of 0.8. This scaling factor is based on the consideration that amplitudes of high-latitude chorus waves only decrease slightly with decreasing Kp when Kp is lower than 4, as shown in Figures 5-7 of Agapitov et al. (2018) . For the plasmaspheric hiss waves, we use a model based on Van Allen Probe observations (Orlova et al., 2016; Spasojevic et al., 2015) . In this study, we assume local diffusion due to chorus waves outside the plasmasphere and due to hiss waves inside the plasmasphere. Effects of lightning whistlers are also included with the same parameterization as in Kim et al. (2012) .
Simulation Methodology
Apart from diffusion coefficients, a number of critical boundaries are also dynamically changing in our simulations. First of all, the location of the plasmapause is calculated using the time series of the Kp index according to Carpenter and Anderson (1992) as follows:
where L pp is the location of the plasmapause, and Kp max is the maximum Kp value over the previous 24 hr. The last closed drift shell is calculated using the IRBEM library and (Boscher et al., 2010) the TS07D magnetic field model (Tsyganenko & Sitnov, 2007) and is used to model the effect of magnetopause shadowing. When L * is higher than the last closed drift shell, we set the PSD to be 0. The flux variation at the outer boundary (L * = 6.6) is taken from the measurements from the Geostationary Operational Environmental Satellite (GOES). First, we calculated the PSD of electrons from GOES particle data using TS07D magnetic field model. Then, we did daily average over the calculated PSD, and assume that the PSD at L * = 6.6 is approximately the same as PSD at the daily averaged L * of GOES, since at high L * the radial diffusion is strong (Brautigam & Albert, 2000) . The initial condition is set up using a steady-state solution of radial diffusion and prescribed loss. All of these settings, except for explicit handling of the magnetopause loss, are the same as in previous studies that should be referred to for more technical details of the VERB-3D code (e.g., Drozdov et al., 2017; Kim et al., 2012; Subbotin et al., 2011) .
Validation Methodology
In this study, we validate our simulation results against satellite observations using normalized difference (ND) between them, which is defined as where J S is the simulated flux and J O is the observed flux. To show the major differences between observations and simulations or between different simulations, we also calculated the differences normalized by the average maximum flux for each given time (ND max (L * , t)), which is defined as
where J 1 and J 2 are the flux from observations and simulations or the flux from different simulations. In the supporting information, we also show the logarithmic difference quantifying the difference between observations and simulations.
Sensitivity Test for High-Latitude Chorus Waves
To explore the effect of high-latitude chorus waves, in this letter we first show two long-term simulations from 1 October 2012 to 1 October 2013, including several storm and nonstorm periods. Except for the distribution of high-latitude chorus waves, all the other setup parameters are the same for these simulations. For low-latitude chorus waves, both simulations use the chorus wave model derived from Van Allen Probe observations (Wang et al., 2019) . In the first simulation, we limit the maximum latitude of chorus waves at 20 • . For the second simulation, in addition to low-latitude chorus waves, we include high-latitude chorus waves following the assumptions described in section 2.1. Results of the simulations are validated against the observations from the Van Allen Probes and the GOES satellites, which are presented as follows.
The Magnetic Electron Ion Spectrometer instruments on board the Van Allen Probes measure electrons with energies from 20 keV to several MeV (Blake et al., 2013) . Figure 1 shows the particle observation and VERB-3D simulations from 1 October 2012 to 1 October 2013. Figure 1a illustrates the flux of electrons with an energy of 0.9 MeV and pitch angle of 50 • , from observations of the Van Allen Probes and GOES 13 and 15. Here, L * is the Roederer L parameter associated with the third adiabatic invariant (Roederer, 1970) and is calculated using the TS07D magnetic field model (Tsyganenko & Sitnov, 2007) . Depending on different geomagnetic conditions, the L * of particles measured by satellites can be different. During the year that we investigated in this study, the L * of GOES satellites extended as far outward as 10 and as far inward as 5, and the L * of Van Allen Probes extended as far outward as 7. To make the comparisons between the satellite data and the simulation results more convenient, we averaged the satellite data into the same grid as in the simulation output. The grid has the time step of 12 hr and L * step of 0.2. Data from GOES and the Van Allen Probes show a good agreement with each other at conjunction points. Both GOES and the Van Allen Probes observe some significant enhancements and dropouts of relativistic electrons during this 1-year period. Figure 1b shows results of the first simulation using chorus waves limited to low latitudes (| | ≤ 20 • ). In other words, there are no chorus waves at high latitudes in Simulation 1. The plasmapause location (overplotted as a black line) calculated using equation (4) is separating the assumed scattering by chorus waves and hiss waves. It can be seen that, overall, this simulation reproduced the dynamic evolution of relativistic electrons with energy 0.9 MeV and pitch angle 50 • . Figure 1c shows the results of Simulation 2 using the chorus wave model from Van Allen Probe observations (Wang et al., 2019) at low latitudes, and extending chorus waves to high latitudes with scaled amplitudes in different geomagnetic conditions as described above. It can be seen that, using this assumption, the agreement between the simulations and observations has been significantly improved. Figures 1d and 1e show the normalized difference between satellite observations and Simulation 1 and Simulation 2, respectively. Red and yellow colors illustrate where the simulation results overestimate the observations, and the blue color shows where the simulations underestimate the observations. Note that magnetic field models may result in significant errors during storms, which may cause some disagreement around the minimum Dst value. Figure 1d shows that Simulation 1 produces an overestimation of the satellite measurements, especially during the quiet time. This result may suggest that an unrealistic limitation of chorus waves to low latitudes did not reproduce enough loss during quiet times. Comparing Figure 1d with Figure 1e , it is clear that the agreement between satellite observations and simulation results is improved in Simulation 2. It is interesting that, although the different factors between these simulations are chorus waves outside the plasmapause, significant differences occur not only outside the plasmapause, but also inside the plasmapause. This can also be seen in the logarithmic differences ( Figure S2) , especially in the differences normalized by the average maximum flux for each given time ( Figure S3 ). This is due to the effect of radial diffusion. High-latitude chorus waves produce gradients of PSD at higher L shells, and then radial diffusion moves particles outward. Simulations including activity-dependent high-latitude chorus waves can better capture the variability of MeV electrons in different geomagnetic conditions than simulations with constant dependence of chorus waves on latitude. There is still some overestimation of the flux inside the plasmapause, which may be due to the underestimation of hiss-induced loss inside the plasmapause. Figure 1f displays the Dst and Kp index, showing the geomagnetic condition during this period. It can be seen that the improvement of Simulation 2 in comparison to Simulation 1 mainly occurs during quiet geomagnetic conditions.
Geophysical Research Letters

10.1029/2019GL082681
We also performed simulations without chorus waves, and the results are shown in Figure 2b . To compare the results with those shown in Figure 1 , we repeat Figures 1a-1c as Figures 2a, 2c, and 2d . As one can see from Figure 2b , loss can be produced in the simulation that completely ignores chorus scattering. Thus, decreases in fluxes in simulations should not necessarily be interpreted as chorus producing losses. Such loss can be produced by magnetopause shadowing, outward diffusion, and hiss waves. Figure 2e shows the differences between the results shown in panel (c) and panel (b) normalized by the average maximum flux for each given time. Figure 2f shows the differences between the results shown in panel (d) and panel (b) normalized by the average maximum flux for each given time. It can be seen from Figure 2e that adding low-latitude chorus waves into the simulation results in more acceleration. Then, Figure 2f shows that adding high-latitude chorus waves during quiet times in the simulation tips the balance between acceleration and loss of MeV electrons toward a net loss. On the other hand, during storm times, decreasing of high latitude tips the balance toward acceleration. To show the effect of high-latitude chorus waves more clearly, 3-D simulations under assumed geomagnetic conditions are performed, and results are shown in Figure S4 in the supporting information. It can be seen from these figures that, during a sustained quiet time after a storm, high-latitude chorus waves tip the balance between acceleration and loss of MeV electrons toward a net loss.
To compare the simulation results with the observations in more detail, we plot fluxes at specific L shells in Figure 3 . The word "L shells" in this paper means the Roederer L parameter (L * ), which is associated with the third adiabatic invariant (Roederer, 1970) , but not the McIlwain L parameter. Figures 3a-3c show the flux of electrons with an energy of 0.9 MeV and pitch angle of 50 • from observations (black lines), Simulation 1 (red lines), and Simulation 2 (green lines) at L * = 6, 5.6, and 5.2, respectively. The regions with these L shells are outside the plasmapause most of the time during the year studied here. The sharp drops in the observations are related to the adiabatic changes, which are not accurately described by the used magnetic field model. Inclusion of high-latitude chorus waves improves the agreement between observed and modeled decay rates at quiet geomagnetic conditions and during storm recovery phase. Electron fluxes with an energy of 0.9 MeV and pitch angles of 20 • and 80 • are shown in the supporting information ( Figures S5-S8) .
Simulation results and comparisons with satellite data for electrons at 500-keV energy and 50 • pitch angle are shown in Figure S9 . Readers may notice in Figure 3 that sometimes results from simulation including high-latitude chorus waves (green lines) give higher flux than those from simulation without high-latitude chorus waves (red lines). To understand this phenomenon, we performed 2-D simulations with and without high-latitude chorus waves at these high L shells. One example of the results is shown in Figure S10 . Results show that this phenomenon is attributed to the combination of the fast redistribution across pitch angles and slow energy diffusion near the 50 • pitch angle, as one can see from the diffusion coefficients shown in Figure S1 . It takes several days to change the net effect from acceleration to loss. This process takes longer time at higher L shells than it does at lower L shells. These results show that it is difficult to predict the outcome of the competition of acceleration and loss by simple comparison between energy and pitch angle diffusion coefficients. The net effect of chorus waves depends not only on the energy and pitch angle diffusion coefficients but also on the gradient of the PSD and mixed diffusion. To evaluate the net effect, simulations including energy, pitch angle, and mixed diffusion coefficients are needed.
Discussion and Conclusions
In this paper, we performed simulations to test the effect of chorus waves at high latitudes. Results show that the distribution of chorus waves at latitudes higher than 20 • plays a critical role for the dynamic evolution of radiation belt electrons at MeV energies. Simulation with high-latitude chorus waves reproduces variability of MeV electrons well during multiple storm time and quiet time periods. During disturbed periods, chorus waves mainly contribute to the acceleration of relativistic electrons, while during quiet geomagnetic conditions when waves may extend to high latitudes, the net effect of chorus is likely loss of MeV electrons. However, it is difficult to make definitive predictions, since chorus waves at latitudes higher than 20 • have not been well quantified. A statistical study using Cluster data (see Figure 5 in Agapitov et al., 2018) indicates that chorus waves at high latitudes may be strongly damped when Kp > 4, but this trend is not very clear due to the limited number of available measurements. Wave measurements from the Exploration of energization and Radiation in Geospace (ERG) mission at high latitudes may be helpful for future quantification of the effects associated with high-latitude chorus. Developing a chorus wave model combining Van Allen Probe and ERG measurements and all other available sources of data will be a subject of future research.
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Another potential explanation for the observed decays of the radiation belt electron fluxes outside the plasmasphere during quiet geomagnetic conditions is that there is another missing physical mechanism. However, this potential missing mechanism is difficult to pinpoint until a more accurate analysis of the effects of high-latitude chorus is performed. If the distribution of chorus waves at high latitudes is not as we have assumed in this study, some additional potential mechanisms may play a role in the dynamic of relativistic electrons and need to be carefully quantified. The variation of background electron number density can potentially influence the dynamics of wave-particle interactions during different geomagnetic conditions. Investigation of the effect of electron number density in the background during different geomagnetic conditions will be a subject of future study. Apart from the magnetosphere of the Earth, chorus waves at high latitudes on the other planets also need further investigation. By performing calculations of diffusion coefficients, Shprits et al. (2012) showed that depending on the latitudinal extent of waves, chorus waves may produce net acceleration or loss on both Jupiter and Saturn. Chorus wave measurements at high latitudes in the magnetospheres of Jupiter from satellites such as Juno will help us to improve our understanding of the effects of chorus waves at high latitudes. In particular, the presence of strong waves at high latitudes may indicate that chorus waves are incapable of producing a net acceleration of electrons.
